Abstract-
I. INTRODUCTION Space-time convolutional code
has demonstrated remarkable performance by combining the capabilities of transmit spatial diversity with coding. However, this technique lacks a systematic design for high constellation size STCCs. This paper presents a novel approach to design M-QAM STCC that uses QPSK STCC as component codes [3] .
The construction of M-QAM symbols with square constellation is based on the combination of log 2 M 2 QPSK symbols [5] , [6] , [7] . This unique construction of M-QAM symbols is obtained by rotation and scaling of QPSK symbols. This construction allows us to have any M-QAM STCC constellation using QPSK STCC as component codes. The output of a single encoder produces all these QPSK STCC symbols.
Besides providing the easy extension of STCC to any arbitrary M-QAM constellation, this approach revealed other important advantages. For example, this approach can be applied to any number of transmit antennas. This capability is achieved by allowing each transmit antenna to send one of these M-QAM symbols that is the result of multiple QPSK STCC encoder outputs. More important, our approach allows implementation of a simple decoding algorithm based on combined array processing technique [1] , [4] . As a result, our approach allows to have a systematic, scalable, and low decoding complexity STCC for multiple-input multiple-output (MIMO) systems.
The remainder of the paper is organized as follows. Section II describes the construction of M-QAM symbols from QPSK symbols. Section III outlines our assumptions and presents our basic system model. Section IV focuses on the original CAP technique from [1] for decoding of the proposed M-QAM STCC. Section V outlines the new CAP using soft decoding technique. The conclusion is presented in section VI.
II. CONSTRUCTION OF M-QAM SIGNAL CONSTELLATION
FROM QPSK SIGNALS The construction of M-QAM signal (M = 2 n1 ) from multiple QPSK (x i ) signals can be obtained using the following equation [5] , [6] .
The QPSK modulation is realized by choosing x i from the following set, {+1, +j, −1, −j}. In this equation, we use n1 2 QPSK signals to construct an M-QAM symbol. Each M-QAM symbol that is constructed based on (1) uses the QPSK symbols obtaind from the output of a QPSK STCC encoder. For example, to create a 16-QAM signal constellation from QPSK symbols, n 1 is equal to 4 in (1). In order to build a 16-QAM signal, we rst apply rotation and scaling factors to the two QPSK signals x 0 and x 1 by multiplying them by exp(j . For the second operation, scaling factors of 2 0 and 2 1 are applied to x 0 and x 1 respectively. The third and nal operation is a summation of the new scaled x 0 and x 1 constellations as shown in gure 1.
III. SYSTEM MODEL We consider a wireless communication system utilizing n T transmit and n R receive antennas. A frame error occurs when the decoded data sequence e = e where l is the number of symbols in one block. The channel path gain from antenna i to receive antenna j is denoted by h i,j . These path gains are constant during a frame and change at antenna j and time t, is
where c i t is the complex transmit symbol with unit average power sent from antenna i at time t, n j t is the additive white Gaussian noise sample with zero mean and variance N0 2 per dimension, and E s is the signal constellation contraction factor.
The conditional pairwise block error probablity has the upper bound [2] 
where d 2 (c, e) is given by
This upper bound on the pairwise block error probability can be written in matrix format as
where
A(c, e) = B(c, e)B * (c, e).
The matrix B(c, e) is de ned as It is easy to show that the matrix A(c, e) is a Hermitian matrix. Therefore, there is a unitary matrix V and a real diagonal matrix D such that A(c, e) = V * DV . The diagonal elements of D are the eigenvalues of A(c, e) denoted as
De ne a vector β 1,j , . . ., β nT ,j = Ω j V * , then
|β i,j | has a Rayleigh or Rician distribution depending on whether the channel paths have zero or non-zero mean distribution.
In the case of Rayleigh fading, the upper bound on the pairwise error probability of each block is further expressed as [2] 
We propose to modify the transmit signal c i t using (1) .
n V is the number of statistically dependent virtual path gains created between each transmit and receive antennas. It is proved in [8] that an n T × n R MIMO system is equivalent of n T distinct 1 × n R single-input multiple-output (SIMO) systems. Consequently, by sending c i t from each transmit antenna, we are creating an equivalent of parallel virtual MIMO systems.
The remaining derivation is exactly as before except that the elements of B(c, e) and A(c, e) matrices comes from (8). Consequently, the λ i 's in (7) for the new system is different from the original design in [2] .
The QPSK STCC component code for a 2-space-time code, 4-PSK 16 states, 2b/s/Hz will be taken from [2] .
In this paper, we assume that, each STCC encoder contains 130 symbols which is equivalent to 520 bits per frame. The channel is Rayleigh fading channel and it is constant during each frame of 130 symbols. The channel changes independently from one frame to another. A coherent detection is assumed at the receiver that requires perfect knowledge of the channel.
The new 16-QAM constellation built from two STCC QPSK serves as a benchmark for the CAP and soft CAP simulations. The CAP techniques reduces the complexity of the decoder and, at the same time, degrades the diversity order because of nulling.
IV. COMBINED ARRAY PROCESSING AND STCC In order to reduce the encoding and decoding complexity, [1] introduced a new combined array processing technique. Each output of the space-time encoder C j is decoded separately while suppressing signal from other encoder. Combining (2) and (8) leads to
with
Using vector notation, (9) is expressed as 
using
Ω v has, therefore, n R rows and n T × n v columns whereas (15) has n T columns. 
Θ v (C1) is formed by the set of orthonormal vectors {v 1 , v 2 , . . . , v nR−nT +n1 } in N , where N is the null space of the matrix 
(18) The transmit antennas can be partitioned into q groups with n 1 + n 2 + . . . + n q = n T .
We identi ed the received data as
and (23) As an example, let's set n T = 2, n R = 4 and n V = 2 (for a 16-QAM constellation 4 bits/s/Hz). Since we have only 2 transmit antennas, n 1 = 1. The rst two bits of the input data are used by the encoder C 1 and the second two bits by the encoder C 2 . The encoder C 1 = C 2 = C is the 16-state 4-PSK STTC given in [2] . The output of encoder C 1 and C 2 , which are 16-QAM symbols, will be transmitted by the antenna 1 and 2 respectively. The diversity order is rm and equals to 8. The new diversity, when applying the CAP technique showed a diversity of 4 since rm is 1.
Ω v is given by
and
and Ω v (C1) by
The columns 2 and 4 of (24) will be, respectively, a linear combination of columns 1 and 3 and therefore the rank of Ω v will be the same as Ω. Since dim(N ) + rank[Λ v (C1)] = n R , the rank of the null space will be 3 in this example. The receiver will rst decode the symbols coming from the encoder C 1 by nulling the output of the transmit antenna 2 and computing the decision metric [1] 
Once the receiver is done with the decoding of C 1 , the contributions of the codewords from the transmit antenna 1 are subtracted from the received signals and C 2 decoded. Figure 2 demonstrates the frame error rate performance of 16-QAM STCC 2 × 4 MIMO system with the CAP scheme utilizing 4-PSK component code from [2] . The complexity of product code is reduced for the CAP scheme from 256 to 32. The diversity order has been reduced by 2 from (8 to 4). We are 2 dB away from the reference 16-QAM for a frame error rate of 10 −1 . Can we improve the previous results from the gure 2 while maintening the low complexity that the CAP provided? The response is yes. The new CAP technique uses a soft decoding method. The encoder for a M-QAM constellation is similar of the [3] . The initial C 2 state will depend of the nal state C 1 . Figure 3 shows the 4-PSK mapping from the input bits. The output of the encoder C 1 is sent to the transmit antenna Tx1 and the output of the encoder C 2 to Tx2 as shown by the gure 4. The encoding of the 4 bits/s/Hz takes place in 2 operations. The rst operation generates the output of the encoder C 1 (using the rst symbol). The second operation generates the output of the encoder C 2 (using the second symbol). The gure 5 shows the encoder treillis states and output symbols for the input stream from the gure 3. The decoding will start by the output of the encoder C 1 as described in the section IV. The C 1 path metric is computed and the survivor of each treillis states is stored. Once all the C 1 survivors have been computed, the branch metrics for the output C 2 is computed for each state by subtracting the codeword from the C 1 survivor path. The best path from the encoder C 2 is nally selected by computing the accumulated branch metrics using the soft decoding value from the encoder C 1 . Figure 6 highlights the frame error rate performance of 16-QAM STCC 2 × 4 MIMO system with the new soft decoding CAP scheme utilizing 4-PSK component code from [2] . The complexity of product code, for the soft decoding CAP, is the same as discribed in the section IV, therefore reduced from 256 to 32. For the frame error rate of 10 −1 , we are only 0.5 dB away from the reference 16-QAM. The diversity order has greatly improved from the gure 2 and is almost the same has the reference 16-QAM.
VI. CONCLUSION
We presented a new method of soft decoding Combined Array Processing for STCC. This method greatly reduces the complexity of the decoder while keeping the performances (coding gain and diversity order) of the system close to the most complex decoder. Moreover, the structure of the STCC encoder and decoder is independant of the number of transmit antennas and of the constellation size (for square QAM).
